In growing Japanese radish cv. `Gensuke' during summer, "hollow root"-lengthwise hollowness in the central portion of the root-frequently occurs, which has been attributed partly to high soil temperature.
Introduction
The Japanese radish (Raphanus sativus L.) cv. 'Gensuke' has long been cultivated in the sand dune regions of Ishikawa Prefecture and has been appreciated because of its tastefulness. When sown in July, however, it often develops hollows-lengthwise hollowness in the central portion of the root-presumably caused by physiological disorders, and has given much trouble to growers in the district. Kano (1) surmised that the high air and/or soil temperature of the growing period was reasonable for this phenomenon and that the occurrence of hollow roots might be checked if temperature was kept low.
The present series of experiments attempts
Receive d for publication March 14, 1988. to find out the relatioship between soil temperature and the occurrence of hollow roots by making the soil temperature high and low at various stages of the plant's growth.
Materials and Methods
Experiments were carried out in the field of the experimental farm of Ishikawa Agricultural College. Two kilograms of farmyard manure and 0.1 kilogram of dolomite per squaremeter were applied in the middle of June and 10 grams of N, P205 and K20 per squaremeter and 4 grams of FET (Fritted Trace Elements) per squaremeter at the end of June. As top dressing, 4.6 grams of N per squaremeter was applied 14 days after sowing and 4.8 grams of N and K20 at 25 and 40 days after sowing. To heat the soil, the cables were electrified during the specified time, and to cool the soil, water was run through the hoses ; the soil was always heated or cooled in this way, and never left at natural temperatures. After the preparation for heating and cooling the seeds were sown on July 28.
In both years, thirty plants were lifted for each sampling, and ten of these plants were examined.
Root weights and hollowness were TEMPER ATURE TREATMENTS ON HOLLOW ROOT 627 investigated 15, 30, 45 and 60 days after sowing. To observe hollowness, the root was cut lengthwise at the central axis, and the maximum crosswise and lengthwise amounts of hollowness were measured. A root in which the product of the cross-and lengthwise hollowness surpassed 100 mm2 was regarded as a hollow root. To investigate histologically the development of hollowness, roots were sampled 30 days after sowing from the plants in the 46-60 cooling and heating treatments, and sections taken from 9 cm below the top of the root were dehydrated, embedded in paraffin and cut into 10 pm sections.
In 1985, daily maximum air temperature was recorded throughout the growing period and average maximum temperature was calculated every 5 days. In 1987, average maximum soil temperature for 15 days 10 cm below the soil surface was calculated.
Furthermore, about 4 grams of soil was sampled at 5 cm below the soil surface August 25, and soil moisture was determined after incubation for 5 days at 80°C. -5 .2°C higher than those of other treatments, where the soil was not heated, but cooled during the same periods. The 10.2% soil moisture content for the 16-30 heating treatment was much lower than the content without heating (Fig. 2) .
Results

Effects
Weight increase of the roots during heating was 20.3 g for the 16-30 treatment, which was 11.3 g-15.9 g less than with the other treatments, and it was slower also for the 31-45 and the 46--60 heating treatments, but not so notably slow for the 1--15 heating treatment (Fig. 3) . Furthermore, the weight increases were slowed down from the 16 th days after sowing when the soil temperature was 30°C and above.
At 15 days after sowing no hollow root was found either in the 1-15 or in any other heating treatments (Fig. 4) . Thirty days after sowing, one hollow root was found in each of the 1630 and the 31-45 heating treatments, while none was found in the other heating EFFECTS   OF  TIME  OF  HIGH  AND  LOW  TEMPERATURE  TREATMENTS  ON  HOLLOW treatments. Sixty days after sowing, the cumulative numbers of hollow roots were 3 for the 1-15, 4 for the 16-30, and 1 for the 31-45 and 46-60 treatments, respectively.
The lysigenous intercellular space in the central portion of the root in the 46-60 cooling treatment was not filled with large parencymatous cells derived from the secondary meristems ( Fig. 5-left) .
Effects of soil cooling at different plant stages on root growth and the occurrence of hollow roots. Maximum soil temperatures were 27.7°C for the 1-15 cooling treatment, 27.0°C for the 16-30, 27.5°C for the 31-45, and 22.6°C for the 46-60 (Fig.1) .
These temperatures were 1.6°C-5.8°C lower than those of other treatments, where the soil was not cooled but heated. The 11.9% soil moisture content for the 16-30 cooling treatment was much higher than the contents without cooling (Fig. 2) .
The weight increase of the roots during cooling was 23.8 g for the 16-30 treatment, which was 4.1 g-11.8 g larger than those of other treatments, but was slowed down in the cases of the 31-45 and the 46-60 cooling treatments, and no acceleration of growth was observable for the 1-15 treatment (Fig. 6) . As a whole, weight increase was accelerated when the soil temperature was around 26°C.
No hollow root was recognized in any cooling treatment 15 days after sowing (Fig. 7) . Thirty days after sowing, 5 hollow roots were found in the 1-15 treatment, and 2 in the 46-60. Sixty days after sowing, the cumulative numbers of hollow roots were 7 for the 1-15 cooling treatment, 1 for the 31-45, and 4 for the 46-60, but none appeared in the 16-30 cooling treatment throughout the experiment.
The lysigenous central intercellular space in days. Solid columns the 46-60 heating treatment began to be filled with large parenchymatous cells derived from the secondary meristems ( Fig. 5-right) . Relationship between sowing date and the occurrence of hollow roots.
For the sowing on June 16, high air temperatures with the maximum above 30°C took place mostly in the latter half of the 60-days growing period, but for the sowing on July 31 the maximum temperatures above 30°C concen- EFFECTS OF TIME OF HIGH AND LOW trated in first half (Fig. 8) .
Sixty days after sowing, the cumulative number of hollow roots was 1 for the sowing on June 16, but 6 for the sowing on July 31 (Fig.  9 ).
Discussion
In this experiment, weight increase of the roots was generally slowed down at 30°C and above as a result of soil heating, while the increase was very remarkable around 26°C, especially in the case of the 16-30 cooling treatment.
Therefore, weight increase in each 15-day period is evidently slowed down when the soil temperature exceeds a certain level, and accelerated at a proper level.
Many hollow roots were recognized at high soil temperature from the 16th day to the 30th day after sowing. Kawai et al. (2) reported that hollow roots occurred at high temperature from the 15th day to the 40th day after sowing. However, in my experiment, no hollow roots were recognized at high temperature during the latter half of the growing period, or at suitable soil temperature from the 16th day to the 30th day, even if the soil temperature was high during the other growing periods. Watanabe et al. (4) reported that hollow roots decrease when the plants were shaded with cheese-cloth from sowing to the 23th day after sowing. It thus appears that one of the most important factors inducing hollow roots is high soil temperature from the 16 th day to the 30th day. It is likely that hollow roots can be prevented by keeping the soil temperature at a proper level from the 16th day to the 30th day.
Considering the relationship between weight increase in a specified 15-day period and the occurrence of hollow roots, it may be concluded that hollow roots are most unlikely to occur when root weight increase much during the 16-30 period, and more likely to occur when weight increase slows during the same period. High occurrence of hollow roots in the 1-15 cooling treatment seems to be caused by high soil temperature from the 16th day on. Furthermore, in the 31-45 cooling treatment, weight increase of the roots from the 16 th day to the 30th day after sowing was slowed down, but few hollow roots were found. The low occurrence is probably attributable to filling up TEMPER ATURE TREATMENTS ON HOLLOW ROOT 631 the lysigenous intercellular spaces with parenchymatous cells proliferated during the 31-45 cooling treatment.
In this experiment with low soil temperature, the lysigenous intercellular space in the root began to be filled with parenchymatous cells derived from the secondary meristems.
Watanabe (5) showed similar observations for `Minowasedaikon'. But the space in the root at high soil temperature was not filled with parenchymatous cells.
On the other hand, heating decreases soil moisture and cooling increases it, as was proved by Nishikawa et al. (3) and the present experiment leading me to conjecture that low soil moisture is another important factor that produces hollow roots.
I can conclude the following, regarding the cause of hollow roots. The formation of secondary meristems in the central portion of the root is severely inhibited by high soil temperature from the 16th day to the 30th day after sowing ; thus, parenchymatous cells do not proliferated, and the weight increase of the root is reduced. Consequently, the lysigenous intercellular space in the root is not filled with cells, and then the space develops hollow with root growth.
Therefore, the occurrence of hollow roots is high with heat treatment during that period.
